Background--Anemia is thought to increase mortality risks, but the effects of high hemoglobin concentration on survival are unclear. The effect of change in hemoglobin concentrations on survival in the general population is also unknown. This study aimed to examine the effect of hemoglobin concentrations and their changes on cardiovascular and all-cause mortality risks.
A growing body of evidence suggests that anemia affects cardiovascular disease (CVD) and mortality in chronic kidney disease or heart failure patients and those undergoing maintenance hemodialysis. 1 However, the effect of hemoglobin concentration on CVD in the general population is less clear. Chronic anemia could induce ventricular remodeling and cardiac dysfunction, 2 thereby potentially increasing the risk of CVD or mortality. Because chronic anemia may be prevalent in the general population, particularly in women and in older adults, 3 the effect of low hemoglobin concentrations on CVD-related mortality in the general population needs to be further explored. The effect of high hemoglobin concentrations on CVDrelated mortality is also unclear. Because red blood cells are the dominant determinants of blood viscosity, high hematocrit concentrations significantly slow blood flow throughout the body. 4 Cigarette smokers are known to have higher concentrations of hemoglobin, which may increase the oxidative insults within the cell. 5 Some studies have suggested that high hemoglobin concentrations or hematocrit could elevate the risk of CVD or mortality. 6, 7 However, the effect of high hemoglobin concentrations on CVD varies across various subtypes of CVD. 8 Furthermore, it is also currently unknown how the change of hemoglobin concentrations alters the risk of CVD-related death. Whereas improving anemia could lower the risk of mortality in chronic kidney disease patients, 9 ,10 the effect of change in hemoglobin concentrations among those with low CVD risks is unclear.
In this study, we examined the association of hemoglobin concentration and its change with CVD and all-cause mortality within the general population by studying a large Korean cohort from the NHIS-HEALS (National Health Insurance Service-National Health Screening Cohort).
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Overview
We analyzed data from the Korean NHIS-HEALS database recorded from January 1, 2002, to December 31, 2013 (NHIS-2017-2-457). The Korean national health examination is conducted biannually: Individuals who were born in an even year undergo screening in even years, and those who were born in odd years undergo a screening in odd years. The NHIS-HEALS database covers all insurance claims data, and about 98% of Koreans are enrolled. 11 Attrition over follow-up in this database is known to be rare, given the nature of the national administration of the data, which is reported elsewhere. 12 Data are collected from a population of 500 000 participants (10% of the entire population of those who underwent the national health examination provided by the NHIS) by simple random sampling and provided after deidentification.
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The NHIS-HEALS database includes clinical data and the date of hospital visits, admissions, diagnoses, and death information. By law, all deaths must be reported to Statistics Korea. The NHIS database has been used for population-based epidemiological studies, and its validity has been recognized elsewhere. 
Exposures and Covariates
All participants underwent 2 hemoglobin (g/dL) measurements within a 2-year period. Two sets of exposures were used ( Figure 1 ). First, one-time hemoglobin concentrations assessed before the index year were divided into 5 groups per sex and reflected the World Health Organization criteria for anemia (hemoglobin <13.0 and <12.0 g/dL in men and women, respectively). 14 We did not use quintiles of hemoglobin concentration because the first quintile of men would be 5.0 to 13.9 g/dL, which could not distinguish anemic from normal status. Second, for establishing change, the hemoglobin concentrations at the first and second examinations were divided into 3 groups, with consideration of the criteria for anemia and highly abnormal concentrations of hemoglobin.
Covariates were based on the data from the second health examination and included age, sex, socioeconomic status, regular exercise (no, 1-2, 3-4, ≥5 times per week), smoking status (never and ever), alcohol use (none, <3, ≥3 times per week), body mass index (kg/m 2 ), systolic and diastolic blood pressures (mm Hg), fasting serum glucose (mg/dL), total cholesterol (mg/dL), and Charlson Comorbidity Index (CCI). Although socioeconomic status and CCI are not typically considered major cardiovascular risk factors, they are regarded as risk factors for mortality. Effects of socioeconomic status on mortality or health status have been studied extensively. 15 The CCI is the most commonly used comorbidity index for predicting mortality. 16 
Main Outcomes
The main outcomes of the study were MI-related, strokerelated, CVD-related, and all-cause mortality that occurred from January 1, 2006, to December 31, 2013. ICD-10 codes
Clinical Perspective
What Is New?
• Low or high hemoglobin concentrations were associated with subsequently elevated 8-year cardiovascular and allcause mortality in individuals in the general population aged >40 years, without cardiovascular disease at baseline.
• Reaching and maintaining hemoglobin concentrations within the normal range correlated with decreased subsequent 8-year all-cause mortality.
What Are the Clinical Implications?
• Our findings suggest that screening and management of hemoglobin concentrations in the middle-aged and older adult population could contribute to lowering the risks of cardiovascular and all-cause mortality.
were used to identify and classify the outcomes: MI (I21-I24), total stroke (I60-I69), and all CVD (I10-I99).
Statistical Analyses
Continuous variables were expressed as mean (SD), and categorical variables were expressed as percentages and compared between groups using the Pearson v 2 test. Based on hemoglobin concentrations at the second health examination, the cohort was divided into 5 groups by sex: <13.0, 13.0 to 13.9, 14.0 to 14.9 (normal reference), 15.0 to 15.9, and ≥16.0 g/dL for men and <11.0, 11.0 to 11.9, 12.0 to 12.9 (normal reference), 13.0 to 13.9, and ≥14.0 g/dL for women. The criterion for the above-normal range of hemoglobin concentration is generally 16.0 g/dL; however, the number of women with hemoglobin ≥16.0 g/dL was too low in the general population. For this reason, we used a hemoglobin concentration of 14.0 g/dL in women. Hazard ratios (HRs) and 95% confidence intervals for each outcome, based on the 5 groups of hemoglobin concentrations, were analyzed using Cox proportional hazards regression analyses. The multivariate-adjusted analysis was adjusted for CVD risk factors, including age, socioeconomic status, body mass index, blood pressure, fasting serum glucose, total cholesterol, regular exercise, smoking status, alcohol use, and CCI. For subgroup analysis, the hemoglobin concentrations that had been divided into 5 groups were merged into 3 groups for each sex: <13.0, 13.0 to 15.9 (reference), and ≥16 g/dL for men and <12.0, 12.0 to 13.9 (reference), and ≥14.0 g/dL for women. Sensitivity analysis was performed by excluding patients diagnosed with cancer and chronic kidney disease. Because change was rare (0.3%) in women in the group with a high hemoglobin concentration (≥16.0 g/dL at the first examination), we did not analyze the HR of change in high hemoglobin status among women. Statistical significance was set as a 2-sided P<0.05. Data were collected using SAS 9.3 (SAS Institute), and statistical analyses were conducted using STATA 15.1 (StataCorp).
Ethics
This study was conducted according to the guidelines in the Declaration of Helsinki, and all procedures involving human subjects (patients) were waived by the institutional review board of the Seoul National University (no. 1703-039-863). All participants were informed regarding the objective of the survey and provided consent. The NHIS database was anonymized according to strict confidentiality guidelines.
Results

Baseline Characteristics
The study population of 292 194 individuals (170 078 men and 122 116 women) was observed for a mean of 7.8 years (SD: 0.9), resulting in 2 279 113 person-years of follow-up. During follow-up, there were 559 MI-related, 936 strokerelated, 1985 all-CVD-related, and 12 677 all-cause deaths.
Baseline characteristics for men and women are depicted in Table 1 . The mean age was 54 years, and 42% of the participants were women. Current smokers (22% of total participants) were predominantly men. Participants without any comorbidities accounted for 35%. The mean hemoglobin concentrations of men and women were 14.8 g/dL (SD: 1.1) and 12.8 g/dL (SD: 1.1), respectively. Figure 2 depicts the relationship between hemoglobin and mortality for each cardiovascular condition, according to sex, after adjusting for age, socioeconomic status, physical activity, smoking status, alcohol use, body mass index, blood pressure, fasting serum glucose, total cholesterol, and CCI. Lower hemoglobin concentrations were associated with increased MI-related mortality, compared with those with hemoglobin concentrations between 14.0 and 14.9 g/dL for men and 12.0 and 12.9 g/dL for women. Both lower (men: <13.0 g/dL; women: <11.0 g/dL) and higher (men: ≥16.0 g/ dL; women: ≥14.0 g/dL) hemoglobin concentrations were associated with stroke-related, all-CVD-related, and all-cause mortality, with lower hemoglobin concentrations resulting in greater risks than higher hemoglobin concentrations. Additional analysis of the association of quintiles of hemoglobin concentrations with CVD-related and all-cause mortality among men and women is shown in Table S1 , which was in line with categories based on clinical criteria. These J-or U-shaped associations between hemoglobin and mortality were also shown in subgroups divided by age, smoking status, and CCI (Table S2 ). The results of the sensitivity analysis, conducted by excluding patients with cancer (Table S3) or chronic kidney disease (Table S4) , agreed with the main results.
Association Between Change in Hemoglobin
Concentrations and Cardiovascular and All-Cause Mortality Figure 3 depicts unadjusted cumulative hazard curves for 8-year all-cause mortality by change in hemoglobin concentration status and by sex. All-cause mortality with improving anemia was less than with persistent anemia. Conversely, all-cause mortality with change in anemia was greater than with persistent normal hemoglobin. Tables 2 and 3 display the association between change in hemoglobin concentrations over a 2-year period and each type of CVD mortality by sex after adjusting for CVD risk factors. Compared with men with persistent anemia (hemoglobin <13.0 g/dL), men with improved anemia status (hemoglobin ≥13.0 g/dL) had a decreased risk of all-cause mortality (HR: 0.67 [95% confidence interval, 0.59-0.77]). Compared with men with persistent normal hemoglobin concentrations (hemoglobin: 13.0-15.9 g/dL), men with both decreasing and increasing hemoglobin concentrations had elevated risks of CVD mortality. In particular, reduced hemoglobin concentrations in men were associated with elevated CVD-related and all-cause mortality, and increased hemoglobin concentrations were associated with elevated all-cause mortality. Compared with men with 
Discussion
In this representative, large, population-based, retrospective, cohort study, hemoglobin concentrations showed a U-or Jshaped association with CVD-related and all-cause mortality after adjusting for CVD risk factors. Similar results were obtained after excluding patients with chronic kidney disease or cancer.
Baseline Hemoglobin Concentrations and CVDRelated and All-Cause Mortality
We found that stroke-related, all-CVD-related, and all-cause mortality risks increased in both lower and higher hemoglobin concentrations, with lower hemoglobin concentrations showing a stronger increase in risk. In another cohort study of 21 829 participants with stable coronary artery disease, low hemoglobin concentrations were an independent predictor of mortality after 4 years. 17 The participants consisted of patients with not only coronary artery disease but also MI, stroke, and heart failure. The authors did not find any significance at the highest quintile (hemoglobin >15.2 g/dL) in the total population, which contains the normal range of hemoglobin concentrations for men. Another study showed that anemia is an independent risk factor for CVD among 14 410 individuals from the general population after a followup of 6.1 years. 18 A retrospective cohort study with 11.2 years of follow-up of 5888 community-dwelling men and women showed that lower hemoglobin concentrations were associated with increased all-cause mortality risk but not with CVD-related mortality risk, which may be related to the relatively small number of CVD events. 19 
Change in Hemoglobin Concentrations and CVDRelated and All-Cause Mortality
We found that achieving hemoglobin concentrations within the normal range could decrease the risk of all-cause mortality, whereas deviating from the normal range could elevate the risk of all-cause mortality. Few studies have evaluated the effects of change in hemoglobin over time in the general population. A study consisting of patients with coronary artery disease showed that persistent or new-onset anemia is a predictor of cardiovascular mortality. 17 A retrospective analysis of patients surviving to at least 6 months after MI events showed that the latest hemoglobin measurement had the highest prognostic power and that hemoglobin reduction was associated with an increased risk of all-cause mortality. 20 In our study, we also found that an increase in hemoglobin concentrations beyond the normal range was associated with increased all-cause mortality, whereas achieving a normal hemoglobin level decreased the risk of all-cause mortality. International Classification of Diseases, 10th Revision codes were used to identify and classify the outcomes: MI (I21-I24), total stroke (I60-I69), and all CVD (I10-I99). Hazard ratio was calculated by Cox proportional hazards regression analysis adjusted for age, socioeconomic status, physical activity, smoking status, alcohol use, body mass index, blood pressure, fasting serum glucose, and total cholesterol. aHR indicates adjusted hazard ratio; CI, confidence interval; CVD, cardiovascular disease; MI, myocardial infarction.
Possible Mechanisms
hemoglobin <10 g/dL is known to result in increased cardiac output that may lead to left ventricular hypertrophy, 2 which is well-noted among chronic kidney disease patients who are anemic. 21 In our study, after excluding patients with chronic kidney disease, we found that anemia was associated with increased risk of CVD and mortality. Second, anemia may be a marker for an underlying inflammatory process, which would lead to increased risk of CVD events. 22 The viscosity of blood is primarily determined by red blood cells. Greater hematocrit concentrations would thus significantly thicken the blood, slowing its flow rate throughout the body, raising the peripheral resistance, and reducing blood flow and perfusion to various tissues including the brain. 4, 23 In addition, elevated hematocrit concentrations increase peripheral platelet activation and oxidative stress by releasing ADP in response to the accumulation of iron. 24, 25 Increased hemoglobin concentrations in cigarette smokers, for example, has been suggested to perpetuate the oxidative insult within the cell further. 5 When a subgroup analysis was performed by smoking status, we found that smokers with high hemoglobin (>16.0 g/dL) had a significantly increased risk of MI and allcause mortality compared with smokers with normal hemoglobin concentrations (13.0-15.9 g/dL). However, nonsmokers with high hemoglobin were also at significantly increased risk of CVD and mortality compared with nonsmokers with normal hemoglobin concentrations. Although we could not differentiate between the effect of cigarette smoking and high hemoglobin concentrations, the latter might be a risk factor for CVD and mortality regardless of smoking status.
Study Limitations
This study has some limitations. First, abnormal hemoglobin concentrations in older adults may be caused by subclinical CVD rather than anemia with predisposition to CVD; however, we selected participants without any CVD at baseline to minimize this possibility. Second, chronic obstructive pulmonary disease could be a covariate that may be regarded as a possible comorbidity of anemia, simultaneously associated with smoking, which could have induced high hemoglobin concentration 26, 27 ; however, we could not access separate comorbidity. Because of the retrospective study design, we did not fully capture these covariates; alternatively, we used the CCI, which is the most commonly used comorbidity index. 16 Third, specific causes of anemia in these participants could be diverse and may have included iron-deficiency anemia, anemia due to chronic disease, hemoglobinopathy, or prior gastrointestinal bleeding; however, we were unable to distinguish them. Last, although anemia could be related to inflammatory processes, according to a previous study, 22 we could not assess inflammatory markers in this study. Further studies on whether hemoglobin concentration or its change is an independent risk factor for CVD, in which various covariates are considered, are required. Despite these limitations, the NHIS database is a nationwide representative database. 13, 24 Furthermore, the 2 279 113 person-years of follow-up make this study the largest to date on hemoglobin concentrations, the change in hemoglobin concentrations, and CVD.
Conclusions
We showed a J-or U-shaped association between hemoglobin concentrations and cardiovascular mortality in both men and women after adjusting for CVD risk factors. Furthermore, we showed that achieving and maintaining hemoglobin concentrations within the normal range was related to decreased mortality in the general population. Hazard ratio was calculated by Cox proportional hazards regression analysis adjusted for age, socioeconomic status, physical activity, smoking status, alcohol habit, body mass index, blood pressure, fasting serum glucose, total cholesterol. 
